A complete analysis of the electroweak precision observables is performed within a recently proposed minimal composite Higgs model, realized as a 5-dimensional warped compactification. In particular, we compute Z → bb and the one-loop correction to the ρ parameter. We find that oblique data can be easily reproduced without a significant amount of tuning in the parameters of the model, while Z → bb imposes a stronger constraint. As a consequence of the latter, some of the new fermionic resonances must have mass around 4 TeV, which corresponds to an electroweak fine tuning of a few percent. Other resonances, such as Z ′ , can be lighter in sizeable portions of the parameter space. We discuss in detail the origin of the Z → bb constraint and we suggest several possible avenues beyond the minimal model for weakening it.
fective lagrangian, and assuming a specific structure of interactions of the external quarks with the strong sector, the leading top quark contribution to the Higgs potential turns out to be calculable 3 thanks to a collective breaking mechanism [22, 23] . A different approach to the fine-tuning problem is proposed by Little Higgs (LH) theories [23, 24] , which try to generate naturally a large hierarchy between v and f π . The collective breaking is extended to the gauge sector as well, and it is realized such as to suppress the size of the Higgs mass term while still obtaining an O(1) quartic coupling.
This makes ǫ naturally small. However, this fact alone does not guarantee full success with EWPT.
Indeed, although corrections to the precision observables from the strong sector are now under control, the additional weakly coupled light states needed to cutoff the quadratic divergence in the Higgs mass term generically reintroduce large contributions to the precision observables [25, 26, 27] .
As proposed in [28] , a possible way to forbid these tree-level dangerous effects is by introducing into the theory a discrete symmetry called T parity.
The same LH mechanism to generate a small ǫ -namely: collective breaking plus a differentiation between Higgs mass term and quartic coupling -can also be implemented in a 5D warped realization of the PGB, see [29] . The clear advantage in this way is that of having a UV completion up to the Planck scale. 4 Indeed, when presented as effective descriptions valid up to a cutoff scale Λ ∼ 5 − 10 TeV, Little (and also Intermediate) Higgs models cannot address important phenomenological issues like flavour, gauge coupling unification or the big hierarchy. Moreover, they are only technically natural, since a specific (and arbitrary) choice of interactions is usually needed to ensure the collective breaking. In this respect, 5D composite Higgs models (as well as 5D LH constructions and other schemes of EWSB with a UV completion) are more ambitious, hence more constrained, as they aim to a complete explanation of the weak scale. This means, in particular, that the interactions between external fermions and strong sector will have the most general form allowed by gauge invariance.
Motivated by the above considerations, we present here a complete analysis of the electroweak precision observables in the MCHM, hoping that what is learned for this specific calculable model can be useful to better understand the more general class of composite Higgs theories. After a brief review of the minimal model, we start by classifying all the 3-point form factors needed to extract Z → bb and ∆ρ (Section 2). The details of how to compute the relevant form factors using the holographic technique of Ref. [4] can be found in Appendix. Sections 3 and 4 present the full analysis of EWPT, and the spectrum of new particles is computed in Section 5. The consequences of our work are critically analyzed in the Conclusions. 3 the gauge contribution to the Higgs potential is still UV-sensitive. 4 See Ref. [30, 31] for different UV completions of a Little Higgs theory.
Computing Z → bb and ∆ρ in the MCHM
The minimal model introduced in Ref. [4] is defined on the 5D spacetime metric [13] 
where the fifth dimension has two boundaries at z = L 0 ≡ 1/k ∼ 1/M Pl (UV brane) and z = L 1 ∼ 1/TeV (IR brane). Here and in the following we adopt the same notation as in
Ref. [4] . A gauge symmetry SU(3) c ×SO (5) [3] . The 4D scalar field h(x) transforms as a 4 of SO (4) and is identified with the Higgs field. A potential for h(x) is forbidden at tree level by locality and the bulk gauge symmetry, but it is generated at the radiative level through non-local finite effects. This is the Hosotani mechanism for symmetry breaking [32] .
Each SM quark generation is identified with the zero modes of three 5D bulk Dirac spinor ξ i that transform as 4 1/3 (spinorial) representations of SO(5)×U(1) B−L :
Chiralities under the 4D Lorentz group have been denoted with L, R, while small q's (capital Q's) denote doublets under SU(2) L (SU(2) R ). The ξ i mix with an extra field Q R localized on the IR brane through the mass terms [Q u L +Q d L ] Q R . They also mix with each other through the most general SO(4)-invariant set of mass terms on the IR-brane
Leptons are realized in a similar way.
A particularly useful way to match the above 5D theory to a 4D low-energy effective theory is by following the so-called holographic description (see [3, 4] and also [33, 34] ), as opposed to the more conventional Kaluza-Klein (KK) decomposition. It consists in integrating out the bulk (plus the IR-brane) dynamics and writing an effective action on the UV brane. Boundary values of 5D fields with Neumann (Dirichlet) boundary conditions on the UV brane will act like 4D dynamical fields (external non-dynamical sources) of the brane effective action [34, 4] . In the particular case of the fermion fields ξ i , adopting a left-handed (right-handed) source description for ξ q (ξ u,d ) [34] , the effective brane degrees of freedom can be organized in three 4D (chiral) spinorial representations of SO (5) with (B − L) = 1/3:
The dynamical fields q L , u R , d R match with the quarks of a SM generation, while the additional background Σ, the effective Lagrangian on the UV brane, in momentum space and at the quadratic level, has the following structure [4] :
Here (P T ) µν = η µν − p µ p ν /p 2 and Γ i , i = 1, . . . 5, are the gamma matrices for SO (5) . A possible mixing term between Ψ u and Ψ d in eq. (5) has been neglected since it does not play any role in our calculations. Also, we have not included possible UV-brane kinetic and gauge-fixing terms, i.e.
terms not induced by the bulk dynamics. They can be included in a straightforward way. The
Goldstone field Σ is parametrized by the fluctuations along the (broken) SO(5)/SO(4) generators Tâ,â = 1, 2, 3, 4:
so that
The structure and the symmetries of the effective action (5) are exactly those one would have obtained by integrating out a 4D strongly interacting sector, coupled to the external fields Ψ q,u,d , A µ and B µ , in which an SO(5) flavor symmetry is spontaneously broken down to SO(4) by a composite field Σ. In fact, we obtained the effective action (5) by integrating out the bulk dynamics, and this suggests that the bulk is indeed acting like a 4-dimensional strongly interacting sector. The reduction of SO(5) down to SO(4) on the IR brane corresponds to the spontaneous breaking of SO(5) in the strong sector, and the non-vanishing components of A 5 correspond to the 4D Goldstone modes. Most importantly, the analogy also implies that all the isometries and gauge symmetries of the 5D bulk must be reflected in global symmetries of the 4D strong sector. Since in our case the former is a slice of AdS 5 , the latter will be conformal at high energies. This holographic correspondence between the 5D theory and a 4D theory with a strongly interacting sector proves to be extremely useful to have a quick understanding of the 5D physics, since it is based only on symmetry arguments. Moreover, the AdS/CFT correspondence [35] seems to suggest that the analogy can be promoted to an exact duality in a string framework.
These considerations show that our 5D model, through its holographic description (5), can be truly regarded and studied as a 4D composite Higgs model. The great advantage of having a (weakly coupled) 5D description is that it enables us to perform calculations. The 2-point form
were computed in Ref. [4] in terms of 5D propagators, and this in turn allowed to compute the Higgs potential, the fermion masses and the Peskin-Takeuchi S parameter. We now want to extend the analysis of Ref. [4] by computing ∆ρ (or equivalently the Peskin-Takeuchi T parameter) and the correction δg Lb to the coupling of the left-handed bottom quark to the Z boson. Using the language of the 4D holographic picture, the leading contributions to these observables come from the diagrams of Fig.1 . In order to compute these diagrams we need to determine the 3-point form factors between two fermions and a gauge field in the effective brane action.
The most general (SO(5)×U(1) B−L )-invariant effective Lagrangian that describes cubic inter-actions among two fermions and a gauge field is, in momentum space,
Here q (B−L) = 1/3, p and p ′ stand for the 4D momenta of the two fermions, and Σ is treated like a classical constant background. For simplicity, we have not included Ψ d in the sum over fermionic species, since its effects in ∆ρ and δg Lb can be safely neglected. Also, we have not written down mixing terms between Ψ q and Ψ u , again because they are irrelevant to the computation of the above two observables. The form factors Γ µ satisfy the Hermiticity condition
and can be decomposed as linear combinations of the following complete set of Lorentz structures:
The form factors Γ 
Another useful form of the Ward identities is obtained in the limit p = p ′ :
All the form factors of eq.(9) can be easily computed in the 5D picture by using the holographic procedure of Ref. [4] . The details of the computation and the final expressions of the Γ µ 's in terms of 5D propagators are given in Appendix. Here we just notice that the term proportional to Γ µ 4
identically vanishes if eq. (9) is evaluated upon only physical states (which means that Γ µ 4 will not appear in δg Lb or ∆ρ), but it must be considered when extracting the other form factors with the holographic method used in Appendix.
Having classified all the possible 3-point form factors, we are ready to compute δg Lb and ∆ρ from the diagrams of Fig.1 . Let us start with δg Lb . We set the Higgs to the physical vacuum,
and consider the terms in eqs. (5), (9) that involve the physical fields
. After rescaling the fields to canonically normalize their kinetic term, one has:
To extract the physical coupling of the bottom quark to the Z, we need to go on shell. A good approximation is to neglect m b and m Z , and set 
where Γ 23 (p) is given in Appendix and Π 0,1 (p) can be found in Ref. [4] . Using the above relations, it is easy to derive the correction to the coupling of b L to Z as compared to the SM value:
We now turn to the computation of ∆ρ, as defined by
in terms of the vacuum-polarization amplitudes Π µν ij (q 2 ) = η µν Π ij (q 2 ) + q µ q νΠ ij (q 2 ) for the SU(2) L gauge fields. The leading effect that violates the custodial symmetry, and thus contributes to ∆ρ, comes from the diagram of Fig.1(b) . It corresponds to a contribution to Π 33 (0) only, since both fermions in the loop are t R . To extract the effective vertex A 3 L µt R t R we consider the terms in eqs. (5), (9) that involve A 3 L µ and t R :
Since we are only interested in Π 33 (q 2 = 0), we can take the limit of zero external momentum in the diagram of Fig.1(b) . In this limit the relevant 3-point form factor has the following structure:
where ∆ u 23 (p) is given in Appendix. Computing the loop amplitude we then find, in the Euclidean,
where N c = 3 stands for the number of QCD colors.
Complete analysis of EWPT
Universal electroweak corrections (from the SM and New Physics) to the precision observables measured by LEP1 and SLD experiments [36] can be efficiently and fully summarized in terms of three parameters: ε 1 , ε 2 , ε 3 [37] . A fourth parameter, ε b , can be added to describe non-universal effects in the bottom quark sector [38] . The ε i are related to S, ∆ρ, δg Lb as follows:
The first term in each of the above equations represents an approximation of the SM contribution (accurate for not too light Higgs masses, m H 50 GeV), as computed using the code TopaZ0 [39] with m pole t = 172.7 GeV. 5 We have neglected the contribution to the ε i that is encoded in the two additional parameters W , Y defined in Ref. [40] , since in our model W , Y are suppressed by a
2 ) compared to S and T . This also implies that the LEP2 results do not pose strong constraints on the parameters of our model, and can be neglected.
A fit to the ε i using the LEP1 and SLD results gives [41] : 
where ρ is the correlation matrix. An analogous fit performed by the LEP Electroweak Working
Group leads to similar results [36] . By using eqs. (22) and (23) we can perform a detailed test of the electroweak corrections in our model.
We carried out a numerical analysis of the MCHM by scanning over the parameter space of the theory: for each point we extract N , the number of colors of the CFT sector, by fixing the top quark mass to its experimental value; evaluate the Higgs effective potential, determining ǫ ≡ v/f π = sin h /f π and the Higgs mass m H ; compute S, ∆ρ, δg Lb by using eqs. (17), (21) and the formulas given in Ref. [4] . Explicit expressions for the potential and the top quark mass can also be found in Ref. [4] . The 5D input parameters are the bulk SO(5) gauge coupling g 5 , the gauge kinetic 5 See Ref. [40] . We thank Alessandro Strumia for providing us with numbers updated to m pole t = 172.7 GeV.
terms on the UV and IR branes, 1/g 2 UV and 1/g 2 IR (respectively for SU(2) L and SO (4)), and the top bulk and IR-brane masses, c q , c u , m u and M u . We varied −0.3 ≤ c u ≤ 0.3, 0.36 ≤ c q ≤ 0.45, and 0 ≤ m u ≤ 2, −4 ≤ M u ≤ −2. The UV coupling g U V is fixed by requiring that the low-energy SU(2) L gauge coupling g equals its experimental value, while the IR gauge kinetic term has been set to be of loop order: 1/g 2 IR = δ IR /16π 2 , where we varied 1 ≤ δ IR ≤ 3. The SO(5) bulk coupling g 5 defines N , 1/N ≡ g 2 5 k/16π 2 , which is in turn fixed by the top mass, as we said above. For the latter we adopted the new measurement m pole t = (172.7 ± 2.9) GeV [42] , evolved to µ = 2 TeV, a typical scale at which the bound states of the strong sector form, and converted to the MS scheme:
Having included the running of the top Yukawa coupling in m t , for consistency we need to consider the effects of the QCD dressing also in the Higgs potential. From the 4D holographic viewpoint, the leading effect is in the renormalization of the couplings λ u , λ q of the elementary t R , q L to the CFT. We have estimated that this correction is negligible at energies above µ ∼ 2 TeV, since λ u and λ q flow rapidly to an attractive fixed point value. Below µ, the running of λ u , λ q in the diagrams contributing to the Higgs potential corresponds to that of the top Yukawa y t . It can be included, for example, by matching the potential at the scale µ and evolving its coefficients down to low energies, using the SM field content as an effective theory description. Since the QCD corrections make the top Yukawa larger in the IR, this leads to a slightly larger physical Higgs mass. We have included this effect in our analysis by adding the following correction to the Higgs mass squared:
In order to compare with the experimental results (23), we use eqs. (22) to convert our prediction for S, ∆ρ, δg Lb into one for the ε i , and then perform a χ 2 test. We keep only points that have N ≥ 3 and satisfy χ 2 < 13.28, the latter condition corresponding to a 99% CL for a χ 2 with 4 degrees of freedom. 7 The results are summarized in Fig. 2 . 8 Only a few points with ǫ 0.25 survive the χ 2 test (in the plot on the left the points which pass the χ 2 test are the black dots), and in any case ǫ is never larger than 0.3. The amount of fine tuning implied for the minimal model by the EWPT seems thus to be slightly worse than what was hoped for in Ref. [4] . This is mainly due = 169 GeV. 7 The χ 2 function is defined as:
where µi, σi, ρij are respectively the mean values, the standard deviations and the correlation matrix of eq.(23). 8 Our scatter plots are generated using a Mathematica code and have a limited number of points due to the limited available CPU time. to the constraint coming from Z → bb, which turns out to be actually more stringent than usually assumed in the literature, Ref. [4] included. To demonstrate this point, we have repeated the test, now setting ε b to its SM value in the χ 2 function, but at the same time requiring δg Lb /g SM Lb ≤ 1%, with g SM Lb = −0.421. The points satisfying these requirements are shown in grey in the left plot of Fig. 2 . One can see that by relaxing the constraint from Z → bb, i.e., allowing the shift in g Lb to be 1% of the SM value (this is the constraint adopted in the NDA estimate of Ref. [4] ), 9 points with ǫ as large as ∼ 0.5 are allowed. Notice that these points do pass the test on S and ∆ρ. In other words, the strongest constraint on the minimal composite Higgs model seems to come from Z → bb, rather than from universal effects.
To better visualize the relative importance of the various ε i in constraining the model, we have shown in Fig. 3 the confidence level contours in the planes (ε 3 , ε 1 ), (ε 3 , ε b ). Each plot is obtained by minimizing the χ 2 with respect to the remaining two epsilon parameters and computing the 68%, 90%, 99% CL contours with 2 degrees of freedom. 10 Superimposed on these are the predictions of our model, where this time we have shown the set of points which satisfy a preliminary cut of Fig. 3 it is evident that, while ε 1 and ε 3 do not imply a strong tuning in the minimal model, the constraint on ε b requires δg Lb /g SM Lb 0.25%, and selects points with ǫ 0.25.
Since the constraint from δg Lb is so important, one might ask how crucial is the inclusion, in the set of experimental observables, of a measurement like the LEP/SLD Forward-Backward asymmetry A b F B , that appears to deviate by almost 3 sigmas from its SM prediction (see [36] ). For example, if this anomaly is a statistical fluctuation, and if it were A b F B that mainly determines 9 As discussed later on in the text, the actual constraint is roughly δg Lb /g SM Lb 0.25%, see Fig. 3 . 10 We thank Alessandro Strumia for a clarifying discussion about this point. the constraint on ε b , then this constraint from δg Lb could be artificially too restrictive. To prove that the anomaly does not actually play an important role in the analysis, we have shown in Fig. 3 (dashed lines) the contours one obtains by omitting A b F B from the fit: while the χ 2 global minimum is considerably lower, the constraint on ε b does not essentially change. 11 The point is that R b , ratio of the b-quark partial width of the Z to its total hadronic partial width, is more sensitive to
The experimental error in both observables is of the same order (roughly few per mil). It is then clear that the most important constraint on g Lb comes from R b , and hence omitting A b F B does not significantly change the constraint on ǫ b . On the other hand, R b is not anomalous and there is no sound reason to omit it from the fit. Moreover, even inclusive hadronic observables like Γ Z , σ h , R h , already pose a significant constraint on g Lb : they are measured with slightly more precision (per mil) than R b , but are clearly less sensitive to g Lb . The resulting constraint on g Lb is roughly 11 Notice also that the best fit prefers smaller values of ε3, and this in turn implies a smaller mH. The fact that the SM fit prefers (much) smaller Higgs masses if one omits the hadronic asymmetries is well known. A more refined NDA estimate for δg Lb thus reads: As explained in Ref. [4] , it is crucial to consider the correlation of δg Lb with m t , whose NDA estimates is:
Here η is another chirality flip factor, different, in general, from η δg . Eqs. (28) and (29) show the tension between δg Lb and m t : it is not possible to suppress the correction to Z → bb (unless tuning ǫ to small values), without making at the same time the top Yukawa coupling unacceptably small.
The tension arising from the dependence of m t and δg Lb on c q is well-known (it was first discussed in [9] ), but that due to c u (m t and δg Lb prefer c u → ±1/2, respectively), is a consequence of the light b ′ , and it has not been discussed in detail before. Were it not for the c u dependence in the second term of eq. (28), one could reproduce the experimental value of m t for smaller values of (1/2 − c q ) by letting c u → +1/2, thus reducing the size of δg Lb .
Analyzing the set of points obtained by scanning over the parameter space of the MCHM, we found that eq. (28) is quite well reproduced for A ≃ 0.1 − 0.01, B ≃ 1.25, if one also sets η δg ≃ η.
The correlation with m t is evident from the plot of Fig. 5 , where η and η 2 δg have been defined by eqs. (29) and (28) . The factor η is a function of the brane masses m u , M u , and also carries some small residual dependence upon c q and c u : η = η( m u , M u , c q , c u ). We find 0. the same η also enters δg Lb can be explained as follows. Although m t and δ Lb involve different form factors, the contribution to Z → bb from the exchange of b ′ proceeds through a Yukawa coupling between composite fermions and the Higgs that is similar, by SU(2) R symmetry, to that appearing in m t . Moreover, both form factors are computed in the limit of zero external momentum. Thus, it is not surprising that δg Lb and m t are so strictly correlated.
This strong correlation implies that the value of δg Lb in our model is completely determined, as a function of N , ǫ and c u , once we fix m t to its experimental value. Indeed, by extracting η from eq. (29) and setting η δg = η in eq.(28), one obtains
Thus, δg Lb is minimized for c u = 0. is that shown in the right plot of Fig. 6 . Although the bound is still quite restrictive, values of ǫ as large as 0.4 are now allowed for N ≥ 3. A small breaking of custodial symmetry is therefore an interesting possibility to reduce the fine tuning of the minimal model. 12 The additional contribution to the ρ parameter, ∆ρ ∼ ǫ 2 (∆c) 2 x, can be under control as long as ∆c u 1/2 and x is somewhat smaller than 1, where x parametrizes the ratio of the strength of custodial isospin breaking in the gauge sector relative to the fermion sector (see Ref. [9] for a specific example where x ∼ 1/4). At the same time, one should check that the specific realization of the breaking does not lead to a dangerous extra contribution to the Higgs potential.
At this point, we would like to comment on the sign of δg Lb . It turns out that a negative value of δg Lb (which corresponds to δǫ b > 0) is less constrained by the data, as one can see from Studying the correlation with m t is also a useful technique to better understand the prediction of the MCHM for ∆ρ and the Higgs mass. The correction to ∆ρ can generally proceed through diagrams involving zero, two or four chirality flips, but it turns out that, similarly to Z → bb, the 12 For example, it could be shined from the UV brane into the bulk by the profile of some 5D scalar field. 13 We thank John March-Russell and Riccardo Rattazzi for having pointed this to us. 14 Of course, one would then lose the elegant explanation of the mt/m b hierarchy in terms of 5D wave-functions. dominant contribution is that with the largest number of flips. Its NDA estimate reads [4] :
where A ρ is an O(1) coefficient and η ρ is a new chirality flip factor. Eq.(31) well reproduces the set of points for A ρ ≃ 1/3, if one also sets η ρ ≃ η, see Fig. 7 . Although not as strong as in the case of δg Lb , the correlation between ∆ρ and m t is quite evident from Fig. 7 : the same function η seems to appear also in ∆ρ. This can be explained by noticing that the same form factor determining ∆ρ also enters in δg Lb (see eqs. (17) and (21)), which is in turn correlated with m t . However, while in both m t and δg Lb the form factors are evaluated at zero momentum, the form factor in ∆ρ appears in a loop integral, suggesting that the correlation of Fig. 7 was somehow less predictable. Notice, finally, that ∆ρ receives an important suppression, compared to its NDA estimate, from the factor η 4 due to 0.3 η 1.
The NDA estimate for the physical Higgs mass consists of a contribution from the top quark and one from the gauge fields [4] : 
Spectrum of new particles
Determining the spectrum of new particles is of extreme importance for studying the phenomenology of our model at future colliders. For this reason we present here a detailed analysis of the spectrum of vectors and fermions, including the effects of electroweak symmetry breaking.
According to the holographic description, the masses of the new states can be extracted from the poles or the zeros of the two-point form factors. As discussed in Ref. [34] , the case of one elementary source Ψ coupled to one tower of CFT resonances is quite straightforward. By integrating out the CFT states, one can derive the effective action for the source at the quadratic level:
The two-point function Σ encodes all the information about the spectrum. If the source is nondynamical, i.e. it is just a probe to excite the CFT mesons out of the vacuum, the spectrum of composite states is given by the poles of Σ. If instead the source is dynamical, it mixes with the tower of composite states and distorts their spectrum. The resulting eigenstates are partially composite modes, and their masses are given by the zeros of Σ. 15 The leading contribution of this diagram to the Higgs potential is of the form ∼ β sin 2 (h/fπ), see Ref. [4] .
Extracting the spectrum when one or more sources couple to several towers mixed with each other (as it happens, for example, due to the IR-brane mass mixing terms or to the Higgs vev), is only slightly more complicated. Consider, for example, the case of two sources Ψ 1,2 coupled to two mixed towers of CFT resonances. By integrating out the CFT states, the effective action will have the form (33) with Ψ = (Ψ 1 , Ψ 2 ) and
If both Ψ 1 and Ψ 2 are dynamical, the spectrum is clearly given by the zeros of the determinant of Σ, as one can simply determine by rotating to the basis in which there are two orthogonal CFT towers, each coupled to one elementary source. If instead both sources are non-dynamical, then the full spectrum of composite states is given by the poles of any of the entries of Σ. This is because it does not matter which source excites the mesons out of the vacuum, as long as the latter are mixed. Finally, when only one source is dynamical, say Ψ 1 , the physical spectrum of KK states is
given by the zeros of M 11 . Indeed, although Ψ 1 is directly coupled only to the first tower, it can probe the full spectrum, since all CFT states are mixed with each other.
By applying these rules, one can easily extract the KK spectrum of the MCHM. Before EWSB, the resonances of the strong sector come in four vectorial and three fermionic KK towers. The lightest mass of each tower can be conveniently expressed in terms of the typical mass m ρ ≡ 4π/ √ N f π expected from NDA:
In the vector case, the spectrum is given by:
-a tower of W 's (3 0 of SU(2) L ×U(1) Y ) with masses given by:
The lightest eigenvalue is of the form (35) with
where
) and
corresponds to the first zero ofJ 0 (x) = J 0 (x)−z IR x J 1 (x), J 0,1 and Y 0,1 being Bessel functions.
Here g is the SU(2) L low-energy gauge coupling, z IR = g 2 5 k/g 2 IR , and 1/g 2 5 , 1/g 2 U V , 1/g 2 IR denote, respectively, the coefficients of the gauge kinetic term for SO(5) in the bulk, SU(2) L on the UV brane, SO(4) on the IR brane. we also replace g 5 (g IR ) with g 5B (g B IR ).
-a tower ofŴ 's (2 1/2 of SU(2) L ×U(1) Y ) with masses given by:
The lightest eigenvalue is of the form (35) with cŴ = 1.96 ≃ 5π/8.
with masses given by: poles{Π 0 }.
The lightest eigenvalue has c X = x 0 /2. 
.
-a tower of neutral vectors (Z's) with masses given by: -a tower of charge +2/3 fermions (t's) with masses given by:
-a tower of charge −1/3 fermions (b's) with masses given by: zeros p F Figure 9 shows the spectrum of the lightest W and b KK states, obtained using the above formulas for the set of points that satisfy the χ 2 test. For m Higgs ∼ 115 GeV, both W and b states can be as light as ∼ 4 TeV, although this prediction can be slightly modified by varying the size of the IR-brane kinetic terms. In the case of the fermions, the IR-brane terms for ξ u and ξ q have been set to zero for simplicity in our analysis. Turning them on will make the spectrum lighter, although we expect Z → bb to impose a strong constraint on their values. In the case of the spectrum of W 's, the left plot of Fig. 9 follows from having chosen the SO(4) kinetic term on the IR brane to vary between 1/16π 2 ≤ 1/g 2 IR ≤ 3/16π 2 . Larger values of the SO(4) IR term are not strongly constrained by the χ 2 test due to the much more restrictive bound from Z → bb, and they would imply lighter W 's. In the same way, the spectrum of Z's depends on the IR-brane kinetic term for U(1) B−L . The latter is even less constrained by the electroweak fit, and this leaves open the possibility of a lighter spectrum of Z resonances, though this is not required, i.e. it is not a prediction of the model. For example, z B IR = 2 z 2 IR (z B IR = 4 z 2 IR ) gives a spectrum of Z's ∼ 15% (30%) lighter than that of the W 's, while in the opposite limit z B IR < z IR the Z's are the heaviest vectorial states. Finally, we found that the lightest t states are almost degenerate with the b's.
Conclusions
The complete analysis of electroweak precision observables that we have performed in this paper for the minimal composite Higgs model of Ref. [4] showed that the strongest constraint in the fit is set by Z → bb data. These can be reproduced for ǫ = v/f π of order 0. 25 [20] , though the issue of Z → bb is not discussed in that paper. The same construction can be easily implemented in a 5D setup.
Alternatively, one could try to avoid the correlation between δg Lb and m t by turning on a small breaking of custodial symmetry in the strong sector. We showed that the extra contribution to ∆ρ can be under control, although one should check that the specific realization of the breaking does not lead to unwanted extra contributions to the Higgs potential. Finally, if b L or b R mix with exotic b ′ states, then a larger shift in g Lb can be accommodated.
Instead of relaxing the bound on ǫ imposed by Z → bb, one could try to obtain naturally a small ǫ by modifying the minimal model. Ref. [4] showed that a small deformation of the Higgs issue of whether and how these new states can be produced at the LHC deserves a detailed analysis, though a few promising channels of discovery were already proposed in Ref. [4] . There are also signals from indirect effects of the new states, such as those in flavor physics studied by Ref. [10] .
Similarly to δg Lb , there are shifts ∝ ǫ 2 in the couplings of t R and the Higgs to Z/W , and between the top quark and the Higgs or longitudinal W/Z. Since t R and the Higgs are (highly) composites, these effects can be as large as ∼ 10% and the LHC and the ILC should be able to probe them.
The analysis presented in this work for the particular case of the MCHM hopefully clarifies some qualitative and quantitative aspects of a more general class of composite Higgs models. The success of the minimal module of Ref. [4] in describing many diverse features of electroweak and flavour physics certainly motivates us to further investigate the idea of the Higgs as a composite PGB. 
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A Computing the 3-point form factors
In this section we explain the details of the computation of the 3-point form factors used in the text, and give their explicit expressions in terms of 5D propagators. We use the powerful holographic technique introduced in Ref. [4] , by matching the 4D effective Lagrangian (9) to the 5D theory on the SO(4)-invariant vacuum: Σ = Σ 0 (i.e. h = 0). We start by considering the interaction terms in eq. (9) between Ψ q and the SO(4) (unbroken)
According to the holographic description, the 3-point 1PI Green functions (Γ µ, q 0 ± Γ µ, q 1 ) of the 4D effective Lagrangian correspond to the 5D 3-point functions of Fig. 10(a) and (b) , amputated of their external legs (where amputating means dividing by UV brane-UV brane propagators):
Using the above equation, we can then extract Γ µ, q 0,1 by computing the 5D diagrams of Fig. 10 . This shows the power of the holographic description: the resummation of all orders in the A 5 insertions can be achieved by simply calculating diagrams with no A 5 .
A technical complication consists in deriving the various 5D fermion propagators in the presence of the IR-brane mixing terms (3) . Resumming all these IR-brane mass insertions, we obtain (
where χ = q, Q, η q = +, η Q = −, and
, (51)
Here G L,R are defined as the left-and right-handed components of the 5D propagator S(p, z, z ′ ) of a bulk fermion with mass ck between two points z, z ′ along the fifth dimension (see for example [43, 3] ):
where P R,L = (1 ± γ 5 )/2. We have also defined
The 4-vector v µ (+±) (z, q) is defined as
and satisfies
In eq.(60) G T stands for the transverse component of the 5D gauge propagator
and (P T ) µν = η µν − q µ q ν /q 2 , (P L ) µν = q µ q ν /q 2 are respectively the transverse and longitudinal projectors.
Using eq.(39), together with eqs. (40)- (57) 
Finally, we notice that the Ward identity (12) leads to a useful integral representation of the form factors Π 0,1 :
and similarly for Π u 0,1 . For specific values of c q,u , we checked that the expression of the Π's as obtained from eqs.(64) coincide with that derived in [4] from the two-point functions.
We now turn to the computation of the other form factor relevant to the computation of δg Lb and ∆ρ: (2Γ 
We find:
A qQ (z, p, p
